Sticky viscous prey capture threads form the spiral elements of spider orb-webs and are responsible for retaining insects that strike a web. These threads are formed of regularly spaced aqueous droplets that surround a pair of supporting axial fibers. When a thread is flattened on a microscope slide a small, opaque granule can usually be seen within each droplet. These granules have been thought to be the glycoprotein glue that imparts thread adhesion. Both independent contrast and standard regressions showed that granule size is directly related to droplet volume and indicated that granule volume is about 15% of droplet volume. We attempted to find support for the hypothesized adhesive role of granules by establishing an association between the contact surface area and volume of these granules and the stickiness of the viscous threads of 16 species in the context of a six-variable model that describes thread stickiness. However, we found that granule size made either an insignificant or a small negative contribution to thread stickiness. Consequently, we hypothesize that granules serve to anchor larger, surrounding layers of transparent glycoprotein glue to the axial fibers of the thread, thereby equipping droplets to resist slippage on the axial fibers as these droplets generate adhesion, elongate under a load, and transfer force to the axial fibers.
INTRODUCTION
The sticky prey-capture threads in orb-webs constructed by over 4500 spider species (Platnick, 2009 ) retain insects, giving a spider more time to locate, run to, and subdue them by wrapping them with silk or injecting them with venom (Chacón and Eberhard, 1980; Eberhard, 1986; Eberhard, 1990; Blackledge and Eliason, 2007) . These threads account for the largest part of an orb-web's silk length and mass (Eberhard, 1986; Townley et al., 2006) and are spun by spiders belonging to two Orbiculariae subclades (Coddington and Levi, 1991; Griswold et al., 1998; Griswold et al., 2005; Blackledge et al., 2009) . The Deinopoidea clade comprises spiders that, like their non-orb-weaving ancestors, produce dry, cribellar capture threads formed of thousands of fine, dry protein fibrils that surround a pair of supporting axial fibers (Peters, 1984; Peters, 1986 , Peters, 1992 Eberhard and Pereira, 1993; Opell, 1994a; Opell, 1994b; Opell, 1996; Opell, 1999) . Members of the much larger Araneoidea clade produce moist, viscous capture threads with axial fibers that support regularly spaced aqueous droplets ( Fig.1) (Peters, 1986; Vollrath et al., 1990; Vollrath and Tillinghast, 1991; Vollrath, 1992; Tillinghast et al., 1993) .
Viscous threads are the product of three spigots found on each of an araneoid spider's paired posterior lateral spinnerets. A single flagelliform gland spigot produces an axial fiber and is flanked by two aggregate gland spigots, which cover the fiber with aqueous material. The products of the two spinnerets merge to produce a pair of axial fibers enclosed in a sheath of viscid material, which forms into a series of droplets that differ greatly size and spacing among species (Fig.1 ). This viscous material contains hydrophilic compounds that attract atmospheric moisture and maintain droplet volume (Vollrath et al., 1990; Townley et al., 1991) . This water causes the axial fibers to supercontract, shortening their lengths, increasing their tension (Work, 1981; Work, 1982; Savage and Gosline, 2008; Gosline et al., 1994) , and, thereby, ensuring that viscous threads are taut and better equipped to recruit the adhesion generated by multiple viscous droplets (Opell and Hendricks, 2007; Opell and Hendricks, 2009; Opell et al., 2008) .
When a viscous thread is placed on a microscope slide, a small opaque granule is usually visible at the center of each of the larger, primary droplets on the thread (Fig.2 ) and often also within the smaller secondary droplets that lie between the primary droplets of many species (Fig.1) . However, granules are not visible within suspended droplets (Fig.1 ). These granules are thought to be the glycoprotein glue that is found within droplets and confers a thread's stickiness (Vollrath and Tillinghast, 1991; Tillinghast et al., 1993; Peters, 1995) . Glycoprotein glue is retained by araneoids of the family Theridiidae that have evolved cob-webs (Hu et al., 2007) .
If granules contain the glycoprotein that is responsible for thread adhesion we must ask why a granule should constitute such a small portion of a droplet's volume and what role the remaining volume plays. The non-granule volume seems much greater than required to impart supercontractility to axial fibers, although it could be required to deliver the precursors of the central granule. Moreover, when thread stickiness is measured (e.g. Opell and Hendricks, 2007) droplets at the edge of contact with a surface extend to such a degree that it is difficult to understand how a droplet's granule would have sufficient volume to form a central adhesive filament that could lie within the elongating droplet (Fig.3) .
Here, we quantitatively examine the hypothesized contribution of granules to viscid thread stickiness. We do this by attempting to reject the null hypothesis that the size of granules is insignificantly or negatively correlated with thread stickiness. We test this hypothesis in the context of a previous study that modeled the contributions of six thread variables to the stickiness that threads of 16 araneoid species registered on contact plates of four widths (Opell and Hendricks, 2009 ). In the current study we first attempt to show that flattened granule contact surface area or granule volume is an acceptable substitute for the droplet size variable that makes a highly significant and positive contribution to thread stickiness in the previous study. Following this, we attempt to show that, when added to the six-variable model, the total granule surface area associated with a contact plate or the total granule volume associated with a contact plate makes a significant and positive contribution to modeled thread stickiness. We also use independent contrast analyses to examine the relationship between granule size and viscous droplet volume in a phylogenetic context and then describe significant relationships in standard regression models.
MATERIALS AND METHODS

Species studied and thread collection
We collected threads from newly spun orb-webs constructed by adult females of 17 Araneoidea species: one species from the family Theridiosomatidae: Theridiosoma gemmosum (L. Koch); three species from the family Tetragnathidae: Meta ovalis (Gertsch), Leucauge venusta (Walckenaer) and Tetragnatha elongata Walckenaer; and 13 species from the family Araneidae: Micrathena gracilis (Walckenaer), Micrathena sagittata (Walckenaer), Argiope aurantia Lucas, Argiope trifasciata (Forskål), Metepeira labyrinthea (Hentz), Larinioides cornutus (Clerck), Cyclosa turbinata (Walckenaer), Verrucosa arenata (Walckenaer), Neoscona crucifera (Lucas), Araneus pegnia (Walckenaer), Araneus bicentenarius (McCook), Araneus marmoreus Clerck, and Mangora maculata (Keyserling). Threads of Meta ovalis and Araneus bicentenarius were collected from forests at the base of Grandfather Mountain, Avery Co., NC, USA. Threads of the other species were collected from sites within 10 km of Blacksburg, Montgomery Co., VA, USA. Neoscona crucifera was not included in a previous study (Opell and Hendricks, 2009 ) because we did not measure the water content of this species' droplets. However, we included N. crucifera in the independent contrast and regression analysis of the current study.
We collected web sectors on 15cm diameter rings with 5mm wide rims and 5mm wide center bars that were covered with doublesided Scotch ® tape (Tape 665; 3M Co., St Paul, MN, USA) to hold thread strands securely. In the laboratory we collected viscous threads on samplers made by gluing raised supports to microscope slides, as described by Opell and Hendricks (Opell and Hendricks, 2007; Opell and Hendricks, 2009 ). Double-sided tape also covered these supports and maintained thread tension. These samplers permitted us to photograph threads under a compound microscope and then to measure their stickiness.
Summary of previously measured thread features
The methods used to characterize threads and model their stickiness are described in detail by Opell and Hendricks (Opell and Hendricks, 2009) . Therefore, we summarize these methods and describe in detail only the methods for measuring glycoprotein granules and examining their association with thread stickiness and droplet volume.
After photographing suspended threads we cleaned and placed a new glass coverslip onto the supports of a microscope slide sampler.
Upon contacting a coverslip, the droplets of the suspended thread sectors between the supports flattened against the coverslip and their granules became visible (Fig.2) . We used ImageJ (http:/rsb.info.nih.gov/ij/index.html) to measure the dimensions and spacing of suspended primary and secondary thread droplets and the dimensions of granules in flattened primary droplets. The granules in secondary droplets were too small to be measured accurately.
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Granules within viscous threads
From measurements of suspended droplets we computed the SHAPE of primary droplets as twice the focal length of a parabola defined by the outline of the lower half of a primary droplet. As SHAPE is computed from droplet length and width, it accounts for differences in both droplet size and configuration. From the frequency and distribution of secondary droplets we computed SVPP, the total volume of a species' secondary droplet material associated with each of the contact plates used to measure thread stickiness. These plates had widths of 963, 1230, 1613 and 2133mm.
From images of flattened threads we measured the combined contact surface areas of primary and secondary droplets in a 1mm length of thread and multiplied this value by the width in millimeters of each of the four contact plates used to measure thread stickiness, to obtain APP, the contact surface area of flattened primary and secondary droplets associated with a contact plate.
From measurements of droplet images made with a compound microscope on the day that each of the threads was collected and from images of these threads made under the high vacuum of a scanning electron microscope we computed fresh and desiccated droplet volumes, and from these determined PH2O, the proportion of water in an individual's droplets.
We evaluated the extensibility of axial fibers within each species' viscous threads by attaching threads to the open jaws of a digital caliper and slowly separating the jaws until the thread ruptured. Double-sided carbon tape (used for mounting specimens to be examined with a scanning electron microscope) secured threads to bars. We then applied Kores ® mimeograph correction fluid (Ink Technology Corp., Tenafly, NJ, USA) along the length of thread spans that contacted the tape. Dividing the final length of a thread by its initial span provides an index that we term residual extensibility (RE). This index is the same as breaking extension and accounts for the extensibility that remains after a spider manipulates its viscous thread during web construction. Although we believe that the combined use of tape and mimeograph correction fluid held the threads securely, it is possible that the viscous material allowed some axial fiber slippage. However, RE had an interspecific range of 3.53 to 9.06, indicating that this index is useful in characterizing the extensibility of threads at their native web tensions.
Viscous threads recruit the adhesion of multiple thread droplets, but they do so imperfectly, with each successively interior droplet contributing progressively less adhesion (Opell and Hendricks, 2007) . As a primary droplet contributes 69.93% of the adhesion of the adjacent outer droplet (Opell and Hendricks, 2009) , it is possible to compute the effective droplet number (EDN) of a viscous thread span, the total droplet equivalents that contribute to a thread's stickiness as registered by contact plates of each width. For example a span of five droplets would have an EDN of 3.9 (1.0+0.7+0.5+0.7+1.0).
We measured thread stickiness by pressing contact plates of four widths against suspended sectors of each individual's threads at a constant speed until a standard force was achieved. We then withdrew the plate at a constant speed and recorded the maximum force that was registered before the plate pulled free of the thread, as registered in mN by the digital read-out of a load cell connected by a lever to the contact plate. Three measurements were made with each individual spider's threads on each contact plate width.
Measuring droplet and granule features
For modeling analyses we use the primary droplet volume (PV) reported by Opell and Hendricks (Opell and Hendricks, 2009 ). However, the PVs given in Table1 and used in independent contrast and regression analyses were computed for threads of individuals whose granules were measured and, therefore, for some species, differ slightly from values reported in Opell and Hendricks (Opell and Hendricks, 2009) . As in this previous study, we computed PV using the following formula based on a parabola, which most closely matches the profile of viscous droplets:
where DW is droplet width and DL is droplet length. We measured the length and width (GL and GW) of the most sharply focused granule in images of an individual's flattened primary droplets and scored the shape of the granule profile as either an ellipse (e.g. A. trifasciata and L. cornutus in Fig.2 ) or a rectangle (e.g. A. aurantia and N. crucifera in Fig.2 ). We computed the contact surface area of the oval granules as:
and the contact surface area of the rectangular granules as:
We estimated an individual's granule volume based on two considerations: (1) as a granule is contained within a droplet, the volume of the granule must be smaller than the volume of a droplet; and (2) as a granule appears to be denser than the surrounding viscous material and to extend above this material when a droplet is flattened, the granule is thicker than the rest of the flattened droplet. An estimator of granule volume (GV) that meets these requirements is:
where T is the mean thickness of the flattened droplet, determined by dividing the measured volume of an individual's suspended primary droplet by the surface area of the flattened primary droplet.
Determining granule indices per contact plate
The total contact surface area and volume of primary droplet granules (GAPP and GVPP, respectively) associated with contact plates used to measure thread stickiness (Table 2) were computed as:
where PDPP is the number of primary droplets per contact plate, determined by multiplying plate width (in mm) by the number of primary droplets permm thread length.
Analysis
We used the SAS program (SAS Institute Inc., Cary, NC, USA) to perform the statistical tests reported in this study. Independent contrast analyses were based on a pruned phylogeny of araneoid species from Scharff and Coddington (Scharff and Coddington, 1997) as shown in Fig.4 , with relationships between the three Araneus species inferred from female genitalic morphology (Levi, 1971; Levi, 1973) . All branch lengths were set to 1 and analyses were performed using the 'Y contrasts vs X contrasts (positivized)' option of the PDAP module (Midford et al., 2005) run under the Mesquite 1.06 program (Maddison and Maddison, 2008) . We consider a test with P≤0.05 to be significant. In the current study we first attempted to show that flattened granule contact surface area or granule volume (Table1) was an acceptable substitute for the SHAPE index, which made a highly significant (P0.0001) and positive contribution to thread stickiness, accounting for about 50% of the modeled thread stickiness. However, neither index of granule size proved to be a satisfactory substitute for SHAPE. When GA was substituted it made a small negative contribution (P0.04) to SPP, but EDN and RE became insignificant (P0.20 and 0.13, respectively). When these insignificant variables were removed GA itself became insignificant (Levi, 1971; Levi, 1973) . Granules within viscous threads (P0.27) along with APP (P0.07). After removing these insignificant variables, the model contained only SVPP, which made a positive contribution, and PH2O and APP, which made negative contributions to SPP in a model with P0.0001 and R 2 0.68. The performance of GV was worse, causing EDN, GV and RE to become insignificant (P0.71, 0.16 and 0.44, respectively). Removing these insignificant variables produced the same three-variable model just described.
RESULTS
Granules
In our previous study (Opell and Hendricks, 2009) we found that dividing species into three groups (Table1) based on unusually high or low contributions of one or two variables improved the performance of regression models (P0.0001, R 2 ≥0.96); although one or more of the original six variables were not retained in these models: When GA or GV was substituted for SHAPE in each of the three group models these variables made either insignificant or negative contributions to SPP and tended to render other model components insignificant. In the group 1 model both GA and GV made insignificant, negative contributions to SPP (P0.30 and 0.66, respectively) and EDN and RE became insignificant. In the group 2 model GA made a significant negative contribution to SPP (P0.0001). In the group 2 model GV made an insignificant, negative contribution to SPP (P0.50) and EDN and SVPP became insignificant. In the group 3 model both GA and GV made insignificant, negative contributions to SPP (P0.12 and 0.07, respectively) and EDN, SVPP, PH2O and RE became insignificant.
Failing to show that GA and GV were satisfactory substitutions for droplet SHAPE, we added GAPP and GVPP indices to the original six model variables in an effort to demonstrate that one or both of these granule indices made a significant, positive contribution to SPP. These attempts also failed. When GAPP was added to the model, RE became insignificant (P0.076), but when RE was EDN, effective droplet number; SHAPE, twice the focal length of a parabola defined by the lower half of a primary droplet; SVPP, total contact surface area of flattened secondary droplets on a contact plate; PH20, proportion of water in a primary droplet; RE, residual extensibility of a thread; APP, the contact surface area of flattened primary and secondary droplets on a contact plate; GAPP, total surface area of granules in primary droplets adhering to a contact plate; GVPP, total volume of granules in primary droplets adhering to a plate. Variables that did not make a significant contribution to the regression model were excluded and a new model constructed with the remaining variables. GAPP and GVPP did not contribute significantly to groups 2 and 3 models.
Independent contrast analyses
Independent contrast analyses based on the values presented in Table1 show that both granule contact surface area and granule volume are related to viscous droplet volume (P0.0023 and 0.0003, respectively), as shown by standard regressions in Figs5 and 6, respectively. Granule volume is approximately 15% of primary droplet volume, a value only slightly higher than that suggested by Vollrath and Tillinghast (Vollrath and Tillinghast, 1991) .
DISCUSSION
A granule constitutes only a small part of the volume of a droplet and its size is directly related to droplet volume. The granules of some species (e.g. L. cornutus, T. elongata and M. labyrinthea in Fig.2 ) seem to be formed of a large central core flanked on each end by a narrow band. Although these granules have been considered the glue of viscous threads, we were unable to demonstrate a positive relationship between granule size and thread stickiness. Instead, our results indicate that granule size is negatively related to thread stickiness. Given the robustness of the models used in these attempts and the size range of granules included, it is difficult to attribute our results solely to intraspecific variability in granule size or measurement imprecision. However, we acknowledge the possibility that these factors may have had an impact. A violation of our assumption that the granules of all species' threads flatten to a similar degree would probably have little effect on our measurements of granule area, although it would affect our estimation of granule volume.
The relative humidity (RH) under which threads are produced can affect both the speed at which droplets coalesce and the features of their granules (Vollrath and Tillinghast, 1991) . As all threads used in this study were produced under natural conditions, we do not have information about the RH under which droplets and granules formed. However, it is unlikely that these values were as extreme as the 9% and 90% RHs used by Vollrath and Tillinghast (Vollrath and Tillinghast, 1991) to demonstrate the effect of humidity on thread properties. Diet also affects the composition of viscous threads (Townley et al., 2006) , another factor that our study cannot address.
We do not suggest that our results refute the conclusion that glycoprotein glue within viscous droplets is responsible for the adhesion of viscous threads (Vollrath and Tillinghast, 1991; Tillinghast et al., 1993) . Indeed, it is difficult to suggest an alternative explanation. However, we believe that our results indicate that viscous droplets are more highly structured than previously thought and that the small, distinct granule visible at the center of each droplet is not this glycoprotein glue, but rather an anchor that secures the surrounding transparent glycoprotein glue to the axial fibers of the thread. Thus, we hypothesize that a viscous droplet is formed of three regions: a small central, opaque anchoring granule, a larger surrounding, transparent glycoprotein glue region, and a more fluid outer covering that extends onto interdroplet regions ( elongate under a load, transfer force to the axial fibers, and resist slippage on the axial fibers. Some droplet images (e.g. A. aurantia, T. gemmosum and V. arenata in Fig.2 ) seem to show these three regions. This model would also resolve the paradox of why, if granules are responsible for thread adhesion, they constitute such a small part of the droplet volume. This hypothesis is consistent with the small negative contribution that granule size makes to thread stickiness in several of our models (Table3). If the granule serves an anchoring function and does not contribute to adhesion, its volume must be subtracted from the total volume of the thread to more accurately account for the adhesive components of the droplet.
When A. marmoreus droplets were examined histologically (Peters, 1995) they appeared to be formed of three regions: a fairly uniform dense outer layer, a large middle region consisting of vesicles containing less dense material, and a smaller inner region formed of smaller, denser vesicles in which the two axial fibers were embedded. We used ImageJ to measure the droplet shown in fig. 3 of Peters (Peters, 1995) and found that the outer region, middle region, inner region and axial fibers were 28%, 53.9%, 13.7% and 4.3%, respectively, of the total cross sectional area of the droplet. Although vesicular and not highly consolidated, the middle and inner regions appear to correspond in both position and size to our hypothesized glycoprotein glue and granule regions, respectively, of a droplet. As each posterior lateral spinneret has two aggregate gland spigots, one gland may contribute glycoprotein glue and the other gland granule material, with the combined aqueous carrier material of both glands forming the droplet's outer covering.
From the time that the droplets on a viscous thread coalesce after being spun until they contact a surface and elongate under a load, a viscous thread exhibits many characteristics of a self-organizing system with emergent properties. That is, interactions among its components play a major role in establishing its structural and functional organization (Camazine et al., 2001 ) and, once configured, these components create a dynamic system with new properties that cannot be predicted from the behavior of its individual components (Aziz-Alaoui and Bertelle, 2006) .
We propose that when droplets flatten against a surface and then elongate under a load, the vesicles in their central and inner regions coalesce and their proteins condense and polymerize to confer their anchoring, adhesive and extensile properties. As droplets extend, a swollen region remains associated with the axial fibers and this is probably the granule (Fig.3) . In the later stages of droplet elongation small sub droplets form on the extending droplet and migrate toward the axial fibers. Thus, it appears that, after being flattened, a droplet becomes less fluid and assumes a stiffer, plastic state, such as might occur if its proteins were polymerized by elongation.
When we pressed a sliver of broken coverslip against A. aurantia and A. marmoreus threads and then pulled it away, most elongating droplets pulled free of the glass rather than rupturing. These droplets then reformed around the axial fibers with the size of many droplets remaining similar to their original configuration. It is challenging to observe the interior of suspended droplets because of their small sizes, their ability to function as lenses, and the fact that droplets are suspended far above the microscope stage, making Koehler Illumination difficult. However, in A. marmoreus, which has the largest droplets of all the species that we studied, contact and elongation do appear to change the internal organization of droplets (Fig.8) . In these images the droplet's convex surface magnifies the axial fibers that extend through the droplet and in unused droplets show a dense sheath surrounding the axial fibers. By contrast, not only is this sheath deformed in droplets that have pulled free of a surface, but also a slightly denser oval, which we believe to be the granule, becomes visible at the droplet's center. We believe that this faint appearance, when contrasted with the distinct appearance of a granule that has contacted a surface, supports the hypothesis that contact physically and perhaps also chemically alters the granule's material and fully imparts its functional characteristics.
LIST OF ABBREVIATIONS
APP
the contact surface area of flattened primary and secondary droplets on a contact plate DL primary droplet length DW primary droplet width EDN the total droplet equivalents that contribute to a thread's stickiness on a contact plate GA contact surface area of a granule in a primary droplet GAPP total surface area of granules in primary droplets adhering to a contact plate GL length of a granule in a primary droplet GV volume of a granule in a primary droplet GVPP total volume of granules in primary droplets adhering to a plate GW width of a granule in a primary droplet Fig.8 . Viscous droplets of A. marmoreus before contacting a surface (top), after being pulled from an acetate surface (middle), and after being pulled from a glass surface (bottom).
PDPP primary droplets per contact plate PH2O
proportion of water in a primary droplet PV volume of a primary droplet RE residual extensibility of a thread SDPP number of secondary droplets per contact plate SHAPE twice the focal length of a parabola defined by the lower half of a primary droplet SVPP total secondary droplet volume per contact plate T thickness of a flattened primary droplet, determined by dividing its PV by its flattened area
